The degree of brain abscess encapsulation is positively related to surgical mortality and methods to enhance capsule wall formation, therefore, have therapeutic relevance. Two primate models are described which may be useful in the investigation of encapsulation of traumatic and metastatic brain abscesses. Direct intracerebral inoculation induces abscesses displaying more prominent inflammatory responses and encapsulation than does septic embolisation, despite similar abscess age and size. Cerebral ischaemia surrounding metastatic suppurative foci may retard capsule wall formation.
The overall mortality for cerebral abscesses varies from 20-50% (Garfield, 1969; Carey et al., 1972; Le Beau et al., 1973; Bhatia et al., 1976; Val Alphen and Dreissen, 1976; Joubert and Stephanov, 1977; Shaw and Russell, 1977) . At surgery, many brain abscesses present as poorly or non-encapsulated suppurative foci of cerebritis. The mortality of these acute abscesses is approximately twice that of chronic abscesses (Le Beau et al., 1973) which are usually encapsulated. Thus, the degree of encapsulation contributes significantly to the clinical outcome.
The purpose of this communication is to describe two primate models that may be useful in the study of traumatic and metastatic brain abscess encapsulation and to evaluate the pathological characteristics of cerebral abscesses experimentally produced by direct bacterial implantation and septic embolisation. The role of vascular proliferation on the angiographic appearance of experimental brain abscesses is discussed by Wood et al. (1978) .
Materials and methods
Each of 21 4 kg adult rhesus monkeys (Macaca mulatta) was anaesthetised with incremental intravenous sodium thiamylal immediately before sur-63 gery. A small burrhole was placed in the right parietal bone of five animals; thereafter, 0.05 ml of a 2% nutrient agar solution contaminated with pure cultures of Staphylococcus epidermidis (penicillin sensitive) was injected intracerebrally through the intact dura mater using a 30 gauge needle (Hassler and Forsgren, 1964) . The agar had cooled to the point of early solidification at the time of injection so that the agar would not flow through the needle tract and contaminate the subarachnoid space. Three control animals underwent similar trephination procedures and direct intracerebral instillation of 0.05 ml of sterile 2% nutrient agar. These intracerebrally inoculated monkeys then underwent scalp closure and received a single intramuscular dose of 600 000 units of procaine penicillin G in oil.
Eight monkeys underwent right carotid arteriotomy and embolisation with 1.5 mmX8 mm cylinders (Microfil, Canton-Biochemical Products, Boulder, Colorado) using the technique described by Molinari (1972) and Laurent et al. (1975) . These pliable cylinders were contaminated with pure cultures of Staphylococcus epidermidis (penicillin sensitive) before carotid arterial injection. Five control animals were embolised in a similar way with sterile silicone cylinders. These embolised animals received a single 600 000 unit dose of intramuscular procaine penicillin G in oil to prevent mycotic aneurysm formation and fatal subarachnoid haemorrhage (Molinari et al., 1973) .
During the sixth week fafter operation the animals were anaesthetised with incremental intravenous sodium thiamylal and needle aspiration of the brain abscesses was attempted through right parietal burrholes. Specimens, when available, were cultured aerobically and anaerobically. The animals were then perfused with physiological saline followed with 10% buffered formalin. After removal, the brains were stored in 10% formalin for one week. Thereafter, the brains were cut into standard 4.5 mm thick coronal sec- Six of the eight animals which underwent intracarotid embolisation with septic cylinders developed brain abscesses. Staphylococcus epidermidis organisms were cultured from abscess aspirates from three of these monkeys. The abscess aspirate from one septically embolised animal was sterile, and attempts to aspirate fluid from the remaining two animals were unproductive. Fatal massive ischaemic anterior paramedial infarctions similar to those described by Laurent et al. (1975) resulted in the death of two animals within 24 hours of septic embolisation. The three monkeys which survived embolisation with sterile cylinders developed ischaemic infarctions without abscess formation. Massive fatal bland infarction of the anterior paramedian region occurred in one animal, and a massive fatal haemorrhagic infarction (Laurent et al., 1976) developed in another monkey within 24 hours of sterile embolisation. Attempts at needle aspiration in these animals were not productive. Gross inspection of the abscess walls demonstrated profoundly thicker capsules among the animals which had received intracerebral injections of contaminated agar (FiglA) than those among the septically embolised monkeys (Fig. IB) . The mean abscess volume estimates were 961 ± 121 mm3 (+SEM) in the five animals which received intracerebral contaminated agar inoculations and 805+86 mm3 in the six monkeys which underwent septic embolisation (Table) . Assuming these abscesses to be spherical, the estimates of mean abscess volume were not significantly different (two-tailed Student's t test). However, the midline structures were displaced more than 2 mm from right to left only in those animals which developed abscesses after instillation of contaminated agar (Fig. 1A) . Areas of infarct cavitation were noted in brain tissue surrounding the abscesses in the animals which survived septic embolisation (Fig. 1B) .
Light microscopic examination of the stained sections of abscesses developing after intracerebral instillation of septic agar revealed four zones: a central necrotic core, a thick medial layer of acute inflammatory cells surrounded by a band of prolific vascularisation and fibrosis, and an outer layer of gliosis ( Fig. 2A and 3A ). Intense perivascular infiltration by inflammatory cells was noted in the cerebral tissue surrounding the abscess ( Fig. 2A) . Prominent proliferation of connective tissue surrounding the capsular blood vessels was demonstrated among the abscess wall sections stained with Masson's trichrome technique (Fig. 3A) . Although necrotic, reactive, fibrous, and encephalitic zones were demonstrated among the stained section of those abscesses induced by septic embolisation, a deficiency in inflammatory cells was revealed in the medial reactive layer and in the perivascular spaces in the surrounding brain (Figs. 2B and 3B) . The vascular proliferation and the surrounding connective tissue formation within the fibrous layer of these metastatic abscesses were profoundly diminished (Fig. 3B) as compared with that of the traumatic abscess walls (Fig. 3 A) .
Deep anterior paramedian infarctions or haemorrhage involving the pallidum, caudate nucleus, putamen, internal and external capsules, claustrum, and portions of the cortex were demonstrated on pathological examination of the four monkeys which died within 24 hours of intracarotid embolisation. Profound swelling of the infarcted hemisphere with uncal herniation and secondary midbrain lesions were also present in these monkeys. The pattern of bland infarction occurring in the animals which survived embolisation was similar but spared the globus pallidus and caudate nucleus. Cavitation of the infarcted cerebral tissue without cerebral swelling, uncal herniation or midbrain lesions was observed in the embolised control monkeys.
Discussion
The production of experimental brain abscesses requires stasis of bacteria in a focus of ischaemic or necrotic brain tissue (Wood et al., 1977a altered cerebrum (Falconer et al., 1943; Long and Meacham, 1968) and intracarotid injection of contaminated silicone emboli (Molinari, 1972; Molinari et al., 1973) . In our primate models, the direct intracerebral inoculation of septic nutrient agar simulated traumatic brain contamination and abscess formation. Our septic intracarotid embolisation induced abscesses which mimicked metastatic brain abscesses.
The degree of encapsulation is relevant to the clinical outcome of the patient (Le Beau et al., 1973) . Factors thought to contribute to the development of the capsule include abscess duration, organism characteristics, host resistance, aetiology, and location. The degree of participation of each of these factors is controversial.
Early experimental investigations (Falconer et al., 1943) have indicated that abscess duration is the most important variable in capsular formation. However, retrospective clinical studies have not been conclusive in demonstrating a correlation between the symptom duration and the histological appearance of brain abscesses. Other investigators (Cairnes and Donald, 1935; Kahn, 1969) report that abscesses of long duration usually have thick capsules, whereas acute abscesses are not well encapsulated. On the contrary, later reviewers (Alpers, 1939; Le Beau et al., 1973) note heavy encapsulation in abscesses of short duration, and inadequate capsules in chronic brain abscesses. The degree of encapsulation in our monkeys which received intracerebral injections of contaminated agar was significantly greater than that in our septically embolised animals despite equal ages of abscess in both of these experimental groups (Wood et al., 1978) . These data indicate that other factors may make greater contributions to abscess capsule formation in the brain.
Clinical reviewers have concluded that anaerobic or mixed bacterial infections retard encapsulation, whereas aerobic bacteria promote thick capsules (Alpers, 1939) . On the other hand, experimental studies suggest no deficiency in encapsulation associated with Gram negative and anaerobic organisms (Falconer et al., 1943) . The absence or presence of bacteria in cultures of abscess aspirate did not appear to contribute to the differential encapsulation noted in our two groups of septically inoculated monkeys.
The processes of inflammation and immunity are impeded by glucocorticoid agents. Dexamethasone has been found to retard but not to eliminate the formation of the inflammatory capsule and to preclude the clearance of organisms in experimental brain abscesses (Long and Meacham, 1968; Quartey et al., 1976) . Dexamethasone has been noted to reduce inflammatory cell migration (Fruchman, 1964) , fibroblastic responses (Regan et al., 1949) , and formation of new blood vessels at sites of infection (Ashton and Cook, 1952) , but these steroid-induced reductions may vary in different species (Claman, 1972) . Unlike rabbits, monkeys are similar to man with respect to their reaction to steroid administration (Claman, 1972) . Retarded vascular proliferation, fibrous tissue formation and inflammatory cell infiltration were observed on pathological inspection of abscess walls obtained from our septically embolised monkeys. These findings suggest the possibility that similar inflammatory or immunological deficiencies may exist in devitalised regions of brain after ischaemic infarction.
Previous clinicopathological reviews have noted heavy encapsulation associated with brain abscesses of traumatic origin (Alpers, 1939) . Results of those studies drew attention to the participation of adjacent dura mater and pia mater as well as reactive blood vessels in capsular formation. The brain abscesses induced by direct intracerebral inoculation in our animals were surrounded by thick capsules. The microscopic appearance of these experimental abscesses was similar to that described in many displaying the four characteristic zones: the necrotic, reactive, fibrous, and encephalitic layers (Alpers, 1939) . No meningeal involvement with the abscess wall was noted in our animals. Proliferating small blood vessels in the reactive zone appeared to be the origin for the abundant capsular collagen observed in our sections stained specifically for connective tissue. Conversely, capsule wall formation and inflammatory responses appeared to be impeded in our septically embolised animals with abscesses. Regional ischaemia secondary to embolic arterial occlusion (Blair and Waltz, 1970) may have compromised capillary proliferation which may cause a retardation of capsular deposition of collagen. Our subsequent study demonstrated a positive relationship between capsular vascularity and collagen formation (Wood et al., 1978) .
Capsular formation around a focus of intracerebral infection is not uniform. Fibrosis originating from the reactive vessel walls depends upon the vascularity of the surrounding cerebral tissue. Accordingly, our pathological examination supported the results of previous experimental studies (Falconer et al., 1943) by demonstrating more prominent deposition of collagen in those portions of the abscess adjacent to grey matter as compared with those surrounded by the relatively less vascular white matter. This differential rate of encapsulation in grey and white matter may account for the tendency of cerebral abscesses to extend toward the ventricles (Falconer et al., 1943) . The location of the abscesses produced in our animals was similar; thus the normal variability in brain vascularity did not contribute significantly to the pathological differences in capsule formation demonstrated in our two experimental groups.
In our recent investigations of these abscess models, serial cerebral angiography demonstrated prominent vascular blushes only in the animals which developed thick encapsulation after intracerebral instillation of contaminated agar, but not in similarly sized metastic abscesses (Wood et al., 1978) . That study suggests that capsular blushes are secondary to vascular proliferation within the capsule and not to compression of the surrounding brain.
All animals killed after intracerebral inoculation with contaminated agar demonstrated significant displacement of the midline structures without uncal herniation. This shift of the midline structures appears to be produced by the mass effect of the abscess, because such displacements were not present in the control animals which received sterile agar instillations.
On the other hand, the embolised animals which developed abscesses did not have midline displacements when killed. Apparently, cavitation of the infarcted brain surrounding these metastatic abscesses may have compensated spatially for the mass effect of the growing abscess. Serial angiographic studies of these abscess models demonstrated progressive midline shifts in the septically injected monkeys but only transient early midline displacements in the embolised monkeys (Wood et al., 1978) . This resolution of the midline shift in embolised monkeys by the fourth week after operation is in agreement with the observation of resolution of postinfarction oedema in man (Masdeu et al., 1977) .
In conclusion, the degree of encapsulation contributes profoundly to patient mortality; thus methods to enhance the proliferation of the capsule wall would have therapeutic significance. These two primate models may be valuable for the study of abscess encapsulation. Additional information on abscess-induced increases in intracranial pressure and alterations in antibiotic pharmacokinetics in the cerebrospinal fluid may be gained by implanting our previously described cerebrospinal fluid reservoir system in these primate abscess models (Wood et al., 1977b, c; Poplack et al., 1977 
